The protozoan parasite Leishmania is responsible for a spectrum of diseases ranging from self-limiting cutaneous lesions to disseminating diffuse cutaneous, mucocutaneous, and visceral infections that can be fatal if left untreated. Leishmaniasis is one of the most important neglected tropical diseases that affect 350 million people in 98 countries, with a global incidence of 0.9-1.6 million cases per year, and visceral leishmaniasis leads to 20,000-40,000 deaths annually (1) . The disease burden is calculated at 2,356,000 disability-adjusted life years, holding a significant rank among communicable diseases (2) . Leishmaniasis control relies on integrated vector management, and early and accurate diagnosis and treatment of human cases. The treatment is based on specific antileishmanial drugs. Pentavalent antimonials such as sodium stibogluconate (Pentostam®) and meglumine antimoniate (MA, Glucantime®) have been used as the first-line treatment against all forms of leishmaniasis for more than 70 years. However, they have several limitations owing to toxicity, treatment failures, long treatment duration, and drug resistance (3) . Thus, there is a continued need for new leishmaniasis therapies that are safe, effective in inducing a long-term cure, and easy to administer.
Drug discovery and development in the area of parasitic diseases progress at a very slow rate owing to the general lack of economic investment. Considering this limitation, an approach based on the improvement of existing drugs has been more successful than those based on designing new chemical entities (4) . Given that Leishmania parasites colonize macrophages, which are responsible for the clearance of liposomes, the use of liposomes has been studied for many years as an efficient strategy for the delivery of antileishmanial agents to Leishmania-infected tissues and reducing the parasite load (5) (6) . Liposome-encapsulated antimonials were found to be hundreds-fold more effective than the corresponding free drugs for treating experimental visceral leishmaniasis (7) , and could promote suppression of the parasite in the liver and/or spleen (8) .
METHODS
Interestingly, liposome-encapsulated antimonials were also effective against cutaneous leishmaniasis, in which the parasites are located in peripheral tissues rather than in the liver (9) .
Liposomes represent the most appropriate drug delivery system for antimonials, because of their natural tendency to be taken up through the mononuclear phagocytic system, their relative safety, high versatility with respect to lipid composition, the volume and composition of the internal compartment, and the vesicle size and lamellarity (10) . An effective strategy for controlling the stability and reactivity of a liposome can be achieved by incorporation of negatively charged phospholipids. Charged liposomes are known to be phagocytosed at higher rates owing to specific or electrostatic interactions between cells and vesicles (11) . We previously reported that inclusion of phosphatidylserine (PS) can lead to the preferred recognition of liposomes by macrophages and improve drug encapsulation efficiency (12) . Although previous studies have shown the antileishmanial activity of MA-containing liposomes (12) (13) , other aspects related to their physicochemical characteristics and encapsulation of antimony salt are unknown.
Thus, as part of our continuous investigation of the properties of MA-containing liposomes, the aims of this study were to develop antimonials entrapped in PS liposomes, and analyze their physicochemical characteristics and antileishmanial activity in Leishmania (Leishmania) infantum chagasi-infected macrophages in vitro.
Chemicals
Egg-hydrogenated phosphatidylcholine (PC) and PS were kindly provided by Lipoid GmbH. Glycerol, sodium dodecyl sulfate, methanol, chloroform, and antimony Inductively Coupled Plasma (ICP) standard traceable to Standard Reference Materials (SRM) were purchased from Merck. Dimethyl sulfoxide, cholesterol, 3-(4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide dye (thiazolyl blue; MTT), potassium hexahydroxoantimonate (V) (pentavalent antimony salt; Sb), M-199 medium, Roswell Park Memorial Institute (RPMI) 1640 medium (without phenol red), dialysis tubing, and the cellulose membrane were purchased from Sigma. Fetal bovine serum (FBS) was obtained from Gibco and phosphotungstic acid from Vetec Quimica. Polycarbonate membranes were purchased from Avanti Lipids. MA (Glucantime®; 300mg/mL) was obtained from Sanofi-Aventis.
Ethical considerations
Experimental animals: golden hamsters (Mesocricetus auratus) and BALB/c mice were supplied by the animal breeding facility at the Faculty of Medicine, University of São Paulo, and were maintained in sterilized cages in a controlled environment with free access to water and food. All animal procedures were performed with the approval of the Research Ethical Committee 
Parasites and macrophages
Leishmania infantum (MHOM/BR/1972/LD) promastigotes were maintained in M-199 medium supplemented with 10% FBS and 0.25% hemin at 24°C. Leishmania infantum was maintained in the golden hamsters for up to 60-70 days after infection. Amastigotes were obtained from spleens of previously infected hamsters by maceration of the tissue and purification by differential centrifugation.
Peritoneal macrophages were collected from the peritoneal cavities of BALB/c mice by washing with 10% FBS-supplemented RPMI 1640. The cells were maintained at 37°C in 5% CO 2 (14) .
Preparation and characterization of liposomes-encapsulated antimonials
Liposomes were prepared by filter extrusion through polycarbonate membranes (FEL) (13) . They were composed of PC, cholesterol, and PS (molar ratio of 5:4:1), at a final lipid concentration of 111mg/mL. The lipids were mixed in a chloroform:methanol (2:1 v/v) solution, and dried to a lipid film with a rotary evaporator at 55°C under controlled vacuum. The dry lipid film was then dispersed in 1mL (81mg/mL) of MA or 2mL (25mg/mL) of Sb at 55°C for 50 min. After vesicle hydration, the solution was sonicated in a sonicating bath at 55°C for 10 min and then subjected to repetitive extrusion (17×) through polycarbonate membranes with a 200-nm pore size, by using a mini-extruder device Liposofast (Avestin Inc.). Drugcontaining liposomes were separated from the non-encapsulated drug by 24-h dialysis (14kDa molecular weight cut-off) at 4°C in isotonic glycerol solution (IGS). Empty liposomes with an identical phospholipid composition were prepared using the same method as those containing drugs, and were used as controls.
The amount of antimony in the resulting liposome suspension was determined by instrumental neutron activation analysis (INAA) (12) . Samples were irradiated at the IEA-R1 Research Reactor at Comissão Nacional de Energia NuclearInstituto de Pesquisas Energéticas e Nucleares, São Paulo (CNEN-IPEN/SP) together with solutions of the Sb standard. Encapsulation efficiency was determined by measuring antimony concentrations in the liposomal dispersions before and after separation of the unencapsulated drug. The values were calculated as the percentage of the drug entrapped into the liposomes. The final phospholipid concentration was determined using the Stewart assay (15) .
The average diameter of the liposomes was determined by negative-staining transmission electron microscopy using 1% phosphotungstic acid. Samples were examined under a JEM-1010 transmission electron microscope (JEOL).
Antimony release from liposomes was evaluated in IGS and normal hamster pooled plasma. An appropriate amount of liposomes was suspended in IGS (pH 7.4) and incubated at 4°C. Likewise, to mimic the physiological conditions, normal hamster pooled plasma was supplemented with liposomes and incubated at 37°C. After incubation periods of 15, 60, and 120 min, the samples were removed and centrifuged (14,000 ×g, 30 min, at 4°C) to remove the leaked drugs. Drug concentrations in the pellet and supernatant were determined by INAA. Drug release was expressed as the percentage of the concentration of the encapsulated MA.
RESULTS

Determination of activity against Leishmania infantum
To determine the 50% inhibitory concentration (IC 50 ) against L. infantum, promastigotes were seeded in 96-well microplates at a density of 1 × 10 6 cells/well. Drugs were diluted with growth medium and incubated with the parasites at 24°C for 24h. Parasite viability was determined using the colorimetric MTT assay (16) . The assay involves the conversion of the water-soluble MTT to an insoluble formazan. Formazan is then solubilized, and the concentration is determined by measuring the optical density at 570nm. For the analysis, 100% viability was defined based on the optical density of the promastigotes incubated without drugs (control) after normalization (14) .
Activity against intracellular L. infantum amastigotes was determined in infected macrophages. Macrophages were isolated from the peritoneal cavities of BALB/c mice, seeded into 24-well plates containing glass cover slips at 4 × 10 5 cells/ well, and incubated at 37°C for 24h. Leishmania infantum amastigotes were isolated from the spleens of previously infected hamsters, purified by differential centrifugation, and added to the macrophages at a ratio of 10:1 (amastigotes: macrophages). The plates were further incubated for 24h. Non-internalized parasites were removed by washing once with medium and the cells were then incubated with the drugs for five days at 37°C in 5% CO 2 . The cells were fixed in methanol, stained with Giemsa stain, and observed under a light microscope. The number of infected macrophages was determined among 400 macrophages observed in the drug-treated and untreated cells. The number of infected macrophages in the untreated cultures was considered 100% for calculating the percentage of infection in the drugtreated cultures (12) .
Determination of cytotoxicity against macrophages
Peritoneal macrophages were seeded at 4 × 10 5 /well in 96-well microplates and incubated with the drugs for 48h at 37°C in 5% CO 2 (14) . The 50% cytotoxic concentration (CC 50 ) of the test compounds was determined using a colorimetric MTT assay. The selectivity index (SI) was calculated using the following equation: SI = CC 50 (Macrophages)/IC 50 (Leishmania amastigotes).
Statistical analysis
The data obtained are reported as the mean and standard deviation of duplicate samples from two or three independent assays. IC 50 and CC 50 values were calculated using sigmoid dose-response curves generated using GraphPad Prism 5.03 and the 95% confidence intervals.
Liposome characterization
Liposome formulations containing two different antimonials, MA and Sb, were obtained through filter extrusion. The physicochemical characteristics of the liposomes were evaluated following drug entrapment ( Table 1 ). The lipid content was determined by the colorimetric Stewart assay: the MA-FEL and Sb-FEL formulations had a mean phospholipid content of 35mg/ mL and 21mg/mL, respectively. As determined by INAA, the average mass of Sb for the MA-FEL and Sb-FEL liposomes was 9.5mg and 1.3mg, respectively. The antimony/lipid ratio was 0.74 and 0.45 (w/w) for MA-FEL and Sb-FEL, respectively. The encapsulation efficiency, representing the amount of drug entrapped into FEL relative to the initial concentration of the drug used in the preparation of liposomes, showed a mean value of 11.7% and 2.9% for MA-FEL and Sb-FEL, respectively.
The morphological characterization of liposomes on the day of preparation was analyzed by transmission electron microscopy. Spherical-shaped vesicles were predominant and the liposomes were multilamellar ( Figure 1A) . Size measurement of the liposomes indicated an average diameter of 162nm ( Figure 1B) . Size reduction and population homogeneity were achieved by sequential repeated extrusion through the polycarbonate membranes.
Considering that liposomes should be used as soon as prepared, drug release was assessed in two different conditions: in storage condition in a buffer solution at 4°C, and in physiological condition in normal hamster pooled plasma at 37°C. As shown in Figure 2 , liposomes were slightly more stable in the IGS storage condition, and approximately 99% of the entrapped drug was retained at the end of 2h. The MA-FEL incubated in physiological condition lost about 10% of its content in 1h, after which the drug release was stabilized; the MA-FEL retained approximately 90% of the entrapped drug at the end of 2h. 
Antileishmanial and cytotoxic activity of liposomes-encapsulated antimonials
Meglumine antimoniate and Sb were entrapped in liposomes and evaluated for their relative antileishmanial activity. The drugs were tested for their ability to kill L. infantum promastigotes by using an MTT assay. As summarized in Table 2 , evaluation of the IC 50 values demonstrated that the promastigotes were not susceptible to free MA or the liposome-encapsulated drugs. Instead, promastigotes were susceptible to the Sb salt solution (IC 50 = 67.61µg/mL).
The activity of the free and liposome-encapsulated drugs in intracellular Leishmania amastigote-infected macrophages was observed after 120h by light microscopy. The doseresponse curves for the determination of the IC 50 values of drugs in amastigotes are shown in Figure 3 . Analysis of the antileishmanial activity revealed that MA-FEL treatment inhibited the parasite with an IC 50 value of 0.95µg/mL, whereas the IC 50 value for free MA was 60.28µg/mL ( Table 2) . Furthermore, free and encapsulated Sb solutions were more active in the amastigotes than MA. Sb-FEL showed an IC 50 value of 0.21µg/mL, whereas the IC 50 value for free Sb was 9.05µg/mL.
Macrophages were incubated with the drugs for 48h to evaluate the in vitro cytotoxicity using the MTT assay. Liposome-encapsulated drugs and free MA did not show cytotoxicity. However, free Sb was very toxic, with a CC 50 value of 19.84µg/mL and a selectivity index of 2.2. MA-FEL presented higher selectivity than Sb-FEL, with a selectivity index of >1,053 and >435, respectively. In addition, morphological observations showed that empty liposomes did not have antileishmanial activity and toxicity toward macrophages when incubated with an equivalent amount of liposome, compared with liposome-encapsulated drugs. 
DISCUSSION
This study demonstrated that antimonial-containing PS liposomes were able to eliminate intracellular L. infantum amastigotes. MA-FEL showed strong activity against intracellular amastigotes and was 63-fold more effective than the free drug. As expected, L. infantum promastigotes were not susceptible to the free drug or MA-FEL. By contrast, Sb was active against L. infantum promastigotes, but not in the liposome formulation. Furthermore, Sb-FEL showed strong activity against intracellular amastigotes and was 39-fold more effective than the free drug. L. infantum amastigotes were 4-fold more susceptible to Sb-FEL than to MA-FEL. However, MA-FEL tested at a 10-fold higher concentration than that of Sb-FEL did not show cytotoxicity to mammalian cells, resulting in a selectivity index higher than 1053. Sb is known to be active against both life stages and is more potent than sodium stibogluconate (17) .
Our IC 50 values are consistent with the findings described by Tempone et al. (13) , who showed that the MA-PS-liposome was 16-fold more effective than the free drug in reducing the parasite burden in macrophages. We have also observed similar results using liposomes with or without PS, which were ≥10-fold more effective than the free drug against L. major-infected macrophages (12) . Our findings emphasize that liposomal MA is more effective than the free drug as well as Sb in either form against Leishmania-infected macrophages.
Liposomes have been used to improve the therapeutic approaches for leishmaniasis. Drug-free PC-stearylamine (SA) liposomes have been reported to be active against L. donovani promastigotes in an in vivo model (18) , based on the hypothesis that PC-SA cationic liposomes damage Leishmania promastigotes and amastigotes primarily via their interaction with surface PS, leading to membrane disruption (19) ; however, this formulation may be toxic. Miltefosine entrapped in the same liposomal formulation improved the susceptibility of miltefosine-resistant Leishmania promastigotes, whereas this formulation was completely inactive against amastigotes (20) . Liposomes containing paromomycin were found to be three to four times more effective against L. major promastigotes and amastigotes than paromomycin alone, and infected mice were completely cured after topical treatment (21) .
The lipid composition and charge surface of the liposomes may influence the efficacy of treatment. Positively charged PC liposomes containing MA were found to be less effective than negatively charged liposomes. In contrast, positively and negatively charged sphingomyelin liposomes were equally effective. Liposomes containing phosphatidylserine were among the less effective preparations, due to the fact that they had a much higher surface charge density (22) . To our knowledge, PS liposomes containing MA were preferentially taken up by infected rather than by uninfected macrophages, probably due to changes in phagocytic behavior after infection (12) . Another interesting observation was that the liposomes were localized close to the amastigotes when observed microscopically (12) . PS liposomes were taken up to a 10-fold higher extent than neutrally charged liposomes by a perfused liver (23) .
Phosphatidylserine liposomes are efficiently eliminated from the blood by cells of the mononuclear phagocytic system, predominantly Kupffer cells in the liver. Hepatocytes as well as liver endothelial cells participate in the elimination process, with scavenger receptors being involved in the uptake (23) .
Followed by endocytic internalization, inside the macrophages, these anionic liposomes probably exert dual effects by interacting directly with the intracellular parasites and also inducing macrophage microbicidal activity (24) . It is hypothesized that after internalization by phagocytosis, liposomes are degraded by lysosomal phospholipases, and the antimony is released within the phagolysosome of the macrophage, where Leishmania parasites live and multiply; thus, the parasites can be excreted or diffuse through the cytosol (25) . In the latter case, it is hypothesized that antimony promotes amastigote death by interfering with diverse cellular processes such as the formation of stable thiol complexes, inhibition of trypanothione reductase, and binding to zinc finger proteins, leading to irreversible cell damage (10) . Liposome characterization is important since it provides information about differences in structure caused by changes in the method of preparation and lipid composition. These aspects in turn affect vesicle behavior, both in vitro (stability) and in vivo (disposition). Therefore, a proper identification of the structure is essential to obtain reproducible results, which is a prerequisite for the successful introduction of liposomes in therapy (26) . Liposome type, size, lipid composition, membrane fluidity, stability, charge, and ease of preparation are factors that must be considered when designing liposomal carriers.
The hydration of a lipid film with an antimonial followed by sonication and filter extrusion through polycarbonate membranes was the method of choice to prepare the liposome formulations. Transmission electron microscopy analysis showed the homogeneity and size of MA encapsulated in the liposome. Size reduction and reduced polydispersity were achieved by extrusion through polycarbonate membrane filters as proposed by Olson et al. (27) MA-FEL exhibited vesicles with a homogeneous size distribution with a mean diameter of 162nm, which is close to the pore size of the polycarbonate membrane that was used to extrude it (200nm). This process is an advantageous approach with respect to the production of multilamellar vesicles with a defined and well-characterized size distribution. Extrusion is easy, reproducible, does not introduce impurities into the vesicles, and causes no detectable lipid degradation (27) . The vesicle size influences the clearance rate and biodistribution of a liposome; it has been shown that large multilamellar vesicles enhance delivery to the lung, whereas small unilamellar vesicles appear to exhibit increased partitioning to the bone marrow. Moreover, decreasing the vesicle size increases the longevity of liposomes in the circulation (28) . The extents of drug entrapment and retention as well as their influencing factors are important considerations in the design of liposome-mediated drug delivery systems. Antimonials are hydrophilic drugs that are entrapped in the aqueous compartment. MA-FEL showed an encapsulation efficiency of approximately 12%, whereas Sb-FEL had a smaller value of 3%. The encapsulation efficiency for Sb-entrapped liposomes varied from 8 to 50%, depending on the preparation method (4) . Trivalent antimony entrapped in a liposome prepared by filter extrusion showed an average encapsulation efficiency of 15% (29) . Incorporation of charged lipids into bilayers has been shown to increase the aqueous volume in liposomes (30) , which was probably due to charge repulsion separating the adjacent bilayers. We previously showed that MA encapsulated in neutral liposomes had an encapsulation efficiency of 25%, whereas the efficiency increased to 38% when using PS-containing liposomes (12) .
Another important consideration for the use of liposomes as pharmaceuticals concerns the stability of the sample from the time of drug encapsulation until their use in vivo. MA-FEL's stability was higher when incubated in an isotonic solution than in plasma. The interaction between the liposomes and plasma components destabilizes liposomes and results in more drug leakage (31) . Liposomes usually interact in vivo with distinct plasma proteins such as albumin, complement and related proteins, immunoglobulins, fribonectin, C-reactive protein, apoliproteins, glycoprotein, lipoproteins, and the so-called opsonins, which bind to the surface of vesicles and mediate their endocytosis by macrophages (32) . However, this formulation was found to be stable when incubated in buffer under storage condition.
To date, liposomal amphotericin B (AmBisome®) is the only liposomal product approved for the treatment of visceral leishmaniasis in adult and pediatric patients. AmBisome is considered as the first choice for treating patients who are unresponsive to antimonials (33) . A recent agreement between the World Health Organization and the manufacturer resulted in a reduction of the price of AmBisome for endemic regions. Even with preferential pricing, liposomal amphotericin B is not as costeffective as other first-line regimens, and thus not affordable for all patients, who are primarily inhabitants of developing countries (34) . The main expected benefits for the use of antimonial liposome-based therapy would be the reduction of the amount of antimony and related side effects, enhanced drug effectiveness, and improved patient compliance. It is hypothesized that liposomal therapy, when compared with conventional therapy, may reduce the risk of drug resistance by promoting a very high drug concentration at the target site starting from the first dose and a shorter treatment course (4) . Furthermore, the short-versus long-course therapy would considerably reduce the costs related to hospitalization and laboratory monitoring. Therefore, the use of liposomes seems to be the most effective and advanced approach for improving antimonial chemotherapy, allowing for a reduction in the dose and frequency of dosing. As previously estimated, a single dose of antimonial liposome therapy would cost less than the estimated cost of a single AmBisome infusion (4) . In conclusion, considering Sb-FEL's lower encapsulation efficiency and higher cytotoxicity, MA-FEL appears to be a better choice. These data demonstrate the increased effectiveness of liposome-encapsulated MA against intracellular L. infantum amastigotes compared with the free standard therapeutic drug, resulting in an improvement of the selectivity index. Nevertheless, further in vivo studies are required to evaluate both the specific interactions of the liposomes with the parasites and host cells and the therapeutic activity of liposomal MA. Furthermore, this work highlights the general potential of liposome-encapsulated antileishmanial agents for drug targeting to increase efficacy and reduce the dose required for effective therapy.
